ϩ2 -dependent cysteine proteases, which have been associated with numerous physiological and pathological cellular functions. However, a clear understanding of the role of calpains in the CNS has been hampered by the lack of appropriate deletion paradigms in the brain. In this study, we describe a unique model of conditional deletion of both calpain-1 and calpain-2 activities in mouse brain, which more definitively assesses the role of these ubiquitous proteases in brain development/function and pathology. Surprisingly, we show that these calpains are not critical for gross CNS development. However, calpain-1/calpain-2 loss leads to reduced dendritic branching complexity and spine density deficits associated with major deterioration in hippocampal long-term potentiation and spatial memory. Moreover, calpain-1/calpain-2-deficient neurons were significantly resistant to injury induced by excitotoxic stress or mitochondrial toxicity. Examination of downstream target showed that the conversion of the Cdk5 activator, p35, to pathogenic p25 form, occurred only in the presence of calpain and that it played a major role in calpainmediated neuronal death. These findings unequivocally establish two central roles of calpain-1/calpain-2 in CNS function in plasticity and neuronal death.
Introduction
Calpains are intracellular calcium-dependent cysteine proteases thought to regulate a diverse set of biological processes (Goll et al., 2003) . There are at least 15 human calpain genes broadly divided into classical (typical) and nonconventional isoforms (Sorimachi et al., 2011) . The best characterized calpains are the ubiquitously expressed classical calpain-1 and calpain-2 isoforms. These are heterodimers consisting of a distinct catalytic large subunit encoded by capn1 or capn2 genes, respectively, and a common regulatory small subunit encoded by capns1 (previously known as capn4 ). Calpains are widely expressed in the brain (Goll et al., 2003) . Functions potentially pertinent to CNS development/function include cell death (Gil-Parrado et al., 2002; Li et al., 2009 ), cell proliferation (Konig et al., 2003 , cell signaling (Sato and Kawashima, 2001) , synaptic restructuring (Zadran et al., 2010a) , and synaptic plasticity (Lynch and Baudry, 1984; Denny et al., 1990; Vanderklish et al., 1996) . A body of evidence also suggests that calpain regulates neuronal death in in vitro and in vivo rodent models of diverse neurodegenerative/injury conditions, such as Huntington's disease, Alzheimer's disease, ischemic stroke, and Parkinson's disease (PD) (Mouatt-Prigent et al., 1996; Crocker et al., 2003; Smith et al., 2006; Bevers and Neumar, 2008; Vosler et al., 2008) . However, questions remain regarding the exact roles of calpain-1/calpain-2, particularly in the nervous system. Study of the classical calpain isoforms is further complicated by the possibility that the two calpain isoforms may compensate for each other. Germline disruption of capns1, which encodes the common small subunit of calpain-1 and calpain-2, has been previously shown to disrupt the activities of both these isoforms (Arthur et al., 2000) . However, CAPNS1-deficient embryos die at midgestation (E11.5) because of defects in cardiovascular development, which precludes study of the nervous system using this particular animal model.
To overcome this problem, we generated a CNS-specific calpain-1/calpain-2-deficient mouse using a floxed capns1 allele combined with the Nestin-Cre transgenic driver. Using this paradigm, we have explored the role of calpain-1/calpain-2 in nervous system development and function. We were surprised to find that calpain-deficient animals survived to adulthood and brain development appeared grossly normal, given previous reports describing the essential roles of calpain in nervous system development, such as cell proliferation (Konig et al., 2003; Honda et al., 2004) and death (Sedarous et al., 2003; Vosler et al., 2008) . However, phenotypic characterization of these mice revealed critical functions for calpain in synaptic plasticity and neuronal injury, which has important implications for therapeutic targeting of calpain in injury-induced or age-related degenerative diseases.
Materials and Methods

Generation of CNS-specific CAPNS1 knock-out mice and genotyping
All animal experimental studies were approved by the University of Ottawa Animal Care Committee and conformed to the guidelines set forth by the Canadian Council on Animal Care and Canadian Institutes of Health Research, and by the Institutional Animal Care and Use Committee from Western University of Health Sciences. Both male and female mice were used in all experiments. Conditionally targeted (floxed) capns1 and transgenic Nestin-Cre and TH-Cre mice were generated as previously described (Berube et al., 2005; Savitt et al., 2005; Tan et al., 2006) . capns1 flox/flox and Nestin-Cre mice were backcrossed for eight generations onto an FVB/N background and then interbred to obtain hemizygous Nestin-Cre transgenic mice that were homozygous for the loxP targeted (floxed) capns1 gene (Nestin-Cre; capns1 flox /flox ). These mice were referred to as CAPNS1-Nestin-cKO mice. Controls were the littermates carrying a single floxed allele of capns1 (capns1 ϩ/flox ). Similarly, the capns1 flox /flox and TH-Cre mice were backcrossed for 10 generations onto C57BL/6 strain and then interbred to obtain tyrosine hydroxylase (TH)-specific calpain-deficient mice (CAPNS1-TH-cKO). All experiments were performed with CAPNS1-Nestin-cKO (FVB/N) mice, except the midbrain cultures, which were from CAPNS1-TH-cKO (C57BL/6J) mice. PCR was used to determine Cre sequences in tail biopsy DNA samples of Nestin-Cre and TH-Cre mice, as described previously (Berube et al., 2005; Savitt et al., 2005) . The capns1 floxed and wild-type alleles were detected using the primer set: forward, 5Ј-GTGGTAGCCGCT-GAAACTCC-3Ј; reverse, 5Ј-TGTTCCCGCTCTCATCTGC-3Ј. The products were 550 bp for the floxed allele and 515 bp for the wild-type allele. Nonradioactive DIG labeling Southern blot hybridization analysis of brain DNA was used to confirm the excision of loxP-flanked (floxed) sequences, indicated by a 5.1 kbp PstI fragment from the wild-type capns1 locus, a 3.2 kbp PstI fragment from the pre-Cre floxed allele, and a 4.3 kbp fragment from Cre recombinase-excised ( post-Cre floxed) allele, as previously described (Tan et al., 2006) .
Immunoblotting and casein zymogram
Total brain fractions of the CAPNS1-Nestin-cKO mice and control littermates were resolved by SDS-PAGE and PVDF immunoblots were prepared and probed using a rabbit polyclonal antisera raised against rat calpain-2 that recognizes both the small subunit (28 kDa/CAPNS1) and calpain-2 large subunit (80 kDa/CAPN2), as previously described (Tan et al., 2006) . Casein zymogram of brain lysates was used to detect calpain-1 and calpain-2 activities as previously described (Tan et al., 2006) . ␣II-Spectrin breakdown protein and active calpain-1 analysis was described previously (Martinez et al., 2010) . Briefly, brain lysates from CAPNS1-Nestin-cKO or control mice were made using 1% Triton X-100. A total of 100 g of total protein was incubated with the following additives: 1 g purified calpain-2 ϩ 10 mM CaCl 2 , or 10 mM CaCl 2 , or 10 mM EGTA, and incubated at room temperature for 30 min to allow digestion to occur. A total of 50 g of each reaction was resolved on a 4 -20% gel Tris-glycine gel, blotted to PVDF, and immunoblotted with antibodies against calpain cleaved ␣II-spectrin or active calpain-1. For analysis of p35/p25 expression, whole-cell protein lysates were collected from cortical neurons treated with 1-methyl-4-phenylpyridinium (MPP ϩ ) or from cerebellar granule neurons (CGNs) treated with glutamate for the indicated times. The lysates were separated by 12% SDS-PAGE, and immunoblots were probed with anti-p35/25 antibody as described previously . Immunoblot analysis of hippocampal protein fractions for GluN1, GluN2A, GluN2B, PSD95, GluA1, and GluA2/3 was previously described (Imamura et al., 2008) . Briefly, hippocampi from the brain of 4-to 6-week-old mice were dissected and homogenized using ice-cold tobacco etch virus protease lysis buffer. After a series of centrifugations, the membrane protein fractions were collected and protein concentrations were determined using the Bio-Rad protein assay. Primary antibodies included the following: anti-calpain-2 (1:1000) (Tan et al., 2006) ; anti-␣II-spectrin (␣ Fodrin, mouse monoclonal, Enzo; 1:3000); antiactivated calpain-1 (rabbit polyclonal generated in the laboratory of Banyan Biomarkers; 1:300; antibody was raised against the peptide LGRHENA corresponding to the new N terminus produced by calpain-1 autolysis); anti-NMDAR1 (GluN1) (rabbit polyclonal, Cell Signaling Technology; 1:1000); anti-NMDAR2A (GluN2A) and anti-NMDAR2B (GluN2B) (rabbit polyclonal and mouse monoclonal, respectively, LifeSpan BioScience; 1:750); anti-GluR1 (GluA1) (rabbit monoclonal, Millipore Cell Signaling Technology Solutions; 1:5000); anti GluR2/3 (GluA2/3) (rabbit polyclonal, Millipore Bioscience Research Reagents; 1:1000); anti-PSD95 (rabbit polyclonal, Cell Signaling Technology;1:1000); and anti-p35 ( p35 C-19, sc-820, Santa Cruz Biotechnology; 1:1000).
Tissue preparation, immunohistochemistry, and phenotypic analysis
Tissue preparation was previously described (Rashidian et al., 2005; Vanderluit et al., 2007) . Briefly, coronal serial sections (14 m) were obtained from whole fixed cryoprotected brains of 4-to 6-week-old mice, and embryos at embryonic days (E) 13.5 and 17.5. Analyses of CA1 pyramidal cell density were performed using cresyl violet-stained sections from 4-to 6-week-old mice. CA1 neurons of hippocampus were counted using ImageJ Program in two representative sections per animal in a field of 70 mm 2 . For short-term BrdU incorporation experiments, pregnant dams at 13.5 d received a single intraperitoneal injection of BrdU (100 g/g of body weight) and the embryos were collected 2 h after injection. To detect BrdU-labeled nuclei, sections were denatured in 2 N HCl at 37°C for 30 min and incubated in rat anti-BrdU (1:500; Accurate Chemicals & Scientific), as previously done (Vanderluit et al., 2007) . BrdU ϩ neurons were counted on 70 mm 2 of ventricular zone and subventricular zone field of 4 representative sections per embryos using ImageJ program. TUNEL assay was performed using the Roche Diagnostics TdT kit. Briefly embryonic brains at E17.5 were fixed, and 14 m sections were washed with 0.5% Triton X-100 in PBS incubated with TdT and dUTP at 37°C, and then blocked with 10% BSA. TUNEL ϩ cells were detected by staining with Alexa streptavidin-594 and counted throughout whole sections of different regions of brains, 12 sections per brain.
Golgi staining
Golgi staining was completed using FD Rapid GolgiStain Kit (FD NeuroTechnologies). Briefly 4-to 6-week-old naive mice were intracardially perfused with 0.9% cold saline. Forebrains within the region ϳ0.50 to ϳϪ3.5 mm (relative to the bregma position) were separated and stained according to the manufacturer's instructions. Tissues were sectioned at 150 m and mounted on gelatin-coated slides. Morphology of apical and basal dendrites of hippocampal CA1 pyramidal neurons were blindly analyzed by Neurodigitech. Commercially stereology-based software (Microbrightfield), installed on a Dell PC workstation that controlled a Zeiss Axioplan 2 image microscope with Optronics MicroFire CCD camera (1600 ϫ 1200 digital camera, motorized x, y, and z-focus for high-resolution image acquisition and digital quantitation) was used. For cell selection, the sampling process for candidate pyramidal cells was conducted as follows: (1) previewing the entire anterior-to-posterior axis of CA1 region, under low and high magnification Zeiss objectives (10ϫ and 20ϫ); (2) comparing and locating those cells with the least truncations of distal dendrites as possible under higher magnification Zeiss objectives (40ϫ and 63ϫ); (3) after verifications, capturing low-magnification images for archiving purpose; and then (4) using a Zeiss 100ϫ objective with immersion oil (NA ϭ 1.25) to perform 3D dendritic reconstruction. For spine sampling, only spines orthogonal to the dendritic shaft were readily resolved and included in this analysis, whereas spines protruding above or beneath the dendritic shaft were not sampled. Spines were counted throughout the entire dendritic trees. For Scholl analysis, a series of concentric circles (30 m interval) radiating from the soma was set up. All data represented the average for neurons.
Electrophysiology
Whole-cell recordings. Coronal brain slices containing the hippocampus were obtained as described previously (Imamura et al., 2008) . In brief, 4-to 6-week-old mice were anesthetized with isofluorane in agreement with the guidelines of the Canadian Council of Animal Care. The brain was removed and placed in an oxygenated (95% O 2 , 5% CO 2 ) artificial CSF (ACSF) at 4°C, containing (in mM) 126 NaCl, 2.5 KCl, 1 MgCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , and 10 glucose. The osmolarity of the ACSF was adjusted to 300 mOsmol and the pH to 7.2. A vibrating microtome (VT 1000S; Leica) was used to obtain coronal sections (300 m) containing the hippocampus. Acute brain slices were stored for at least 1 h in an oxygenated chamber at room temperature before recording. Voltage-clamp recordings of CA1 pyramidal cells were obtained with a Multiclamp 700A amplifier (Molecular Devices) under visual control using differential interference contrast and infrared video microscopy (Leica). EPSCs were evoked by electrical stimulation of the Schaffer collaterals with a bipolar microelectrode positioned in stratum radiatum with 100 s current pulses (0.1-1 mA, 0.3-0.01 Hz), which were adjusted to evoke a current amplitude in the range of 60 -120 pA at V m ϭ Ϫ65 mV. Patch-clamp recordings were obtained in pyramidal cells of CA1 region in hippocampus in normal ACSF. For recordings of EPSCs mediated by glutamate receptors (both AMPA receptor and NMDA receptor EPSCs), brain slices were bathed in ACSF containing picrotoxin (50 M) and strychnine (1 M). For recordings of NMDA receptor-mediated EPSCs, brain slices were bathed in low Mg 2ϩ ACSF containing picrotoxin (50 M), strychnine (1 M), and 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo-[f]quinoxaline (5 M); for recordings of miniature EPSCs (mEPSCs), brain slices were perfused in low Mg 2ϩ ACSF containing TTX (1 M), picrotoxin (50 M), strychnine (1 M), CGP52432 (10 M); for LTP, brain slices were bathed in ACSF containing picrotoxin (50 M) and strychnine (1 M). The pH of the perfusion solution was adjusted to 7.2 and osmolarity to 300 mOsm. Recording electrodes were filled with an intracellular solution (in mM): 130 Cs ϩ -methanesulphonate, 10 HEPES, 10 KCl, 2 MgCl 2 , 0.2 EGTA, 2 ATP-Mg, and 0.2 GTP-Tris (hydroxymethyl) aminomethane and lidocaine N-ethyl bromide (QX-314, 5 mM). The pH of the intracellular solutions was adjusted to 7.2, and the osmolarity was 280 -290 mOsm. The pipettes had a resistance of 3-7 M⍀. For eliciting LTP a pairing protocol composed of three brief high-frequency trains (50 pulses at 100 Hz) repeated at 4 s intervals given at the end of a long depolarization (3 min at 0 mV) was used. This protocol has been successfully used before to induce an increase of synaptic responses lasting for Ͼ40 min (Chen et al., 1999; Martina et al., 2004) . Data were collected by Pclamp 9 software (Molecular Devices). Analyses were performed using Igor software (WaveMetrics).
Field potential recording. Three-to 4-month-old male mice were anesthetized with halothane and decapitated. Brains were quickly removed and transferred to oxygenated, ice-cold, high-magnesium cutting medium (in mM: 124 NaCl, 26 NaHCO 3 , 10 glucose, 3 KCl, 1.25 KH 2 PO 4 , 5 MgSO 4 , and 3.4 CaCl 2 ). Hippocampal transversal slices (400 m thick) were prepared using a McIlwain-type tissue chopper and transferred to an interface recording chamber and exposed to a warm, humidified atmosphere of 95%O 2 /5%CO 2 and continuously perfused with oxygenated and preheated (33 Ϯ 0.5°C) ACSF (in mM: 110 NaCl, 5 KCl, 2.5 CaCl 2 , 1.5 MgSO 4 , 1.24 KH 2 PO 4 , 10 glucose, 27.4 NaHCO 3 ) at 1.4 ml/ min. After 1.5 h incubation at 33 Ϯ 0.5°C in the recording chamber, a single glass pipette filled with 2 M NaCl was used to record field EPSPs (fEPSPs) elicited by stimulation of the Schaffer collateral pathway with twisted nichrome wires (single bare wire diameter, 50 m) placed in CA1 stratum radiatum. Responses were recorded through a differential amplifier (DAM 50, World Precision Instruments) with a 10 kHz high-pass and 0.1 Hz low-pass filter. Before each experiment, the input/output relation was examined by varying the intensity of the stimulation. Data were collected and digitized by Clampex, and the amplitude of fEPSP was analyzed.
All data are expressed as mean Ϯ SEM, and statistical significance of differences between means was calculated with appropriate Student's t test.
Behavioral analysis
All behavioral tests were completed in the Behavior Core Facility at the University of Ottawa using standardized protocols. Animals were habituated to the testing room ϳ1 h before testing. One cohort of mice (3-to 4-month-old) was used for beam break, rotarod, elevated plus maze, and open field within at least 2 d between tests. Because of aging deficits in vision that can occur in the FVB/N strain, a separate cohort of younger mice (4-to 6-week-old) was examined for the water maze paradigm.
Beam Break. Locomotor activity over a 24 h period was analyzed by using the computer-assisted beam break, MicroMax system (Accuscan) as previously reported (Smith et al., 2006) .
Rotarod. The rotating rod test was performed on an accelerating rotarod (IITC Life Science; length of the test 2 min; accelerating speed 1-45 rpm). The time until the animal falls off the rotating rod was measured in four tests performed on two consecutive days.
Elevated Plus Maze. The arms were ϳ12 cm wide and ϳ50 cm long and the maze was raised ϳ1 m off the floor. The times spent in the open arms, closed arms, and center of the elevated plus-maze apparatus were recorded for 10 min using the Ethovision software.
Open field. Mice were placed in the corner of a wooden box measuring 45 cm ϫ 45 cm ϫ 45 cm and allowed to freely explore for 10 min. The main outcome measures included the time spent in the center, distance traveled and velocity were detected by a video camera using the Ethovision software.
Morris Water Maze. The water maze pool was filled with opaque water and heated to remain at 21°C. A white platform was submerged 1 cm below the water's surface in the center of the target quadrant. Mice were randomly placed on one of starting points in one of the four quadrants and given 60 s to find the hidden platform. Mice that did not find the platform at the end of the 60 s period were led to the platform and were allowed to stay on it for 20 s. Each mouse had 4 trials per day for 11 consecutive days. An animal was scored as successfully finding the platform if it succeeded in two of four trials per day. In the visual tests, mice were placed on one of four quadrants and allowed to find the visible platform in 60 s. The swimming path of the mice was recorded by a video camera and analyzed by the Ethovision 7 XT.
Assessment of in vitro neuronal survival
Primary cortical neuron cultures were prepared from 14 to 15 d embryos individually as previously described (Kim et al., 2005) . Cultured neurons were treated with MPP ϩ at a final concentration of 20 M after 2 DIV. Numbers of viable neurons were evaluated by lysis of cultures followed by counting intact nuclei as described previously (Kim et al., 2005) . For midbrain cultures, mesencephalic neurons were collected from day 13 to day 14 embryos as described previously (Kim et al., 2005) . MPP ϩ treatment started on 7 DIV at 20 M final concentration for desired time periods. Cells were stained with anti-TH antibody (ImmunoStar; 1:2500) as primary antibody and Hoechst as the control. Fluorescent-stained TH ϩ neurons were counted and evaluated for nuclear, dendrite, and axon morphology. CGNs were harvested from 7 to 8 d pups, and glutamate-or hypoxia-induced excitotoxicity was performed as described previously (Rashidian et al., 2005) . Cell survival was evaluated as indicated previously (Kim et al., 2005) . For rescuing survival phenotype, both cortical neurons and CGNs were infected with adeno-associated virus (AAV) expressing p25 or with AAV-GFP (multiplicity of infection, 25) at the time of plating. MPP ϩ was added to cortical neurons on 6 DIV at a final concentration of 20 M. Glutamate treatments were completed on 8 DIV. Neuron viability was evaluated by counting the number of intact nuclei as described previously (Kim et al., 2005) .
AAV construct
cDNA sequences of human p25 were subcloned into the BamHI-EcoRI sites of the AM/CBA-pl-WPRE-bGH plasmid, a recombinant AAV (rAAV1) vector. The virus was then generated and purified as described previously (Rashidian et al., 2005) . EGFP was excised from Clontech pEGFP-N2 vector (catalog #6081-1) using BamHI and a blunted NotI. This fragment was subsequently subcloned into the same AAV vector, AM CBA-pl-WPRE-bGH, into the BamHI and EcoRV sites to produce AAV-CBA-EGFP-WPRE-bGH.
Data and statistical analysis
Statistical analysis was performed using SPSS Statistics 18 and included use of one of the following: (1) two-tailed Student's t test for comparison of two groups, (2) one-way ANOVA for comparison of four groups on one outcome measure, (3) two-way ANOVA for more than one group on more than one outcome measure, (4) repeated ANOVA (for repeated measure on same animal), and (5) 2 to examine the distribution of animals achieving preset criteria. All post hoc tests were completed using Bonferroni correction. In analyses that included both male and female animals, sex differences were also tested. However, as all comparisons between sexes did not reveal any differences, only grouped data for controls and mutants are shown. Significance is indicated when p Ͻ 0.05 (*).
Results
Elimination of calpain-1 and calpain-2 activities in mouse brain
We used a Cre/loxP-mediated recombination strategy to conditionally target the capns1 locus in the mouse brain. Exons 9, 10, and 11 of capns1 were flanked by loxP sites as described previously (Tan et al., 2006) . To obtain CNS-specific disruption of calpain-1/calpain-2 activity, capns1 flox /flox mice were crossed with NestinCre transgenic mice expressing Cre recombinase under the control of the nestin promoter, to create Nestin-Cre; capns1 flox /flox (CAPNS1-Nestin-cKO) mice. Nestin is an intermediate filament expressed specifically in CNS precursor cells (Berube et al., 2005) . Surprisingly, the CAPNS1-Nestin-cKO were viable, fertile, and born at approximate Mendelian ratios (n ϭ 49 of 225; 21.7%).
Southern blot analysis of genomic DNA revealed that complete excision of capns1 occurred only in the brains of mice that were transgenic for Nestin-Cre and homozygous for the loxP targeted (flox) capns1 gene. These CAPNS1-Nestin-cKO mice brains demonstrated near-complete excision of floxed capns1 alleles, as determined by the generation of a 4.3 kbp size post-Cre allele fragment (Fig. 1a) . To assess calpain expression in the brains of these mice, we first performed immunoblot analysis using an antibody raised against calpain-2, which recognizes both the 28 kDa capns1 and 80 kDa capn2 gene products. As expected, the brains of CAPNS1-Nestin-cKO mice displayed complete loss of the 28 kDa subunit. Importantly, and as previously reported, loss of CAPNS1 also led to the loss of 80 kDa CAPN2 protein presumably because of the destabilizing effects of CAPNS1 loss (Arthur et al., 2000; Chung et al., 2004) (Fig. 1b) . The effect of capns1 targeting in brain on calpain protease activity was assessed using two methods. First, casein zymogram analyses of brain lysates showed no detectable calpain-1 or calpain-2 activity in the brains of CAPNS1-Nestin-cKO mice (Fig. 1b) , whereas robust activity for both calpain isoforms was observed in controls. Second, endogenous calpains were activated in vitro in whole brain lysates by adding CaCl 2 , which yielded the well-characterized calpain-specific spectrin breakdown products (Zhang et al., 2009), SBDP145 and 150, in control but not in CAPNS1-Nestin-cKO brain extracts (Martinez et al., 2010) . Disruption of calpain activity was further supported using an antibody specific for the active form of calpain-1, which did not detect the active 80 kDa catalytic subunit in CAPNS1-Nestin-cKO brain lysates (Fig. 1c) . Together, these results provided compelling evidence of calpain deficiency in the brains of CAPNS1-Nestin-cKO mice.
Calpain-deficient mice do not show detectable gross morphological abnormalities
The importance of calpain in early murine development was underscored by the lethality observed in both capns1 and capn2 germline knock-out mice (Arthur et al., 2000; Dutt et al., 2006) . The viability of adult CAPNS1-Nestin-cKO animals with brainspecific calpain deficiency allowed us to explore the role of calpain in CNS development. Serial coronal sections of brains from mutant and control littermates at developmental stages and adults were stained with cresyl violet. Unexpectedly, we did not detect any gross morphological or structural abnormalities in the brain regions and neurons of the mutants either at E13.5 (data not shown), E17.5, or 4-to 6-week-old adult mice (Fig. 2a,b) . Quantification of hippocampal CA1 neurons in the mutants demonstrated the same number of pyramidal neurons as in controls (Fig. 2c) . We also examined whether neuronal precursor proliferation was altered in mutant mice. Embryos at E13.5 were subjected to short-term BrdU labeling and BrdU-positive nuclei were evaluated in the ventricular zone and subventricular zone of the brain. No differences in the number of proliferating cells were detected between mutant and control mice (Fig. 2d) . Similarly, developmental programmed cell death (i.e., apoptosis) was detected by TUNEL staining at E17.5. Equal numbers of scattered TUNEL-positive cells were observed in both genotypes (Fig. 2e) . These results indicate that calpain-1/calpain-2 isoforms do not play essential roles in regulating developmental cell proliferation/ apoptosis or the gross organization or structure of the developing and adult brain.
Dendrite morphology alterations in calpain-deficient CA1 pyramidal neurons
Because calpain has been suggested to modify cytoskeletal proteins (Wilson et al., 2000) , we sought to investigate whether dendritic structures of CA1 hippocampal neurons were altered in CAPNS1-Nestin-cKO. We thus performed Golgi staining of dorsal hippocampus in 4-to 6-week-old controls and conditionally calpain-deleted brains. Representative photomicrographs of CA1 pyramidal neurons and segments of apical and basal dendrites in control littermates and CAPNS1-Nestin-cKO mice are shown in Figure 3a . We observed a significant reduction in the density of dendritic spines along the apical branches of CA1 pyramidal neurons of the mutants. This decrease in spine density was also accompanied by a significant decline in total spine counts in apical dendrites in calpain-deficient mice (Fig. 3b,c) . Moreover, apical and basal dendritic complexity and spine distribution were reduced in CA1 pyramidal neurons of CAPNS1-Nestin-cKO, as revealed by Scholl analysis (Fig. 3d,e) . Finally, no significant changes were observed in dendritic lengths with calpain deficiency (Fig. 3f ) . These results suggest a critical role of calpain in regulation/organization of dendritic trees in hippocampal CA1 neurons.
Effect of calpain deficiency on glutamatergic synaptic transmission and LTP
The overall alterations observed in dendritic complexities and spine density in CAPNS1-Nestin-cKO suggested that calpain may play a role in modulating glutamatergic synaptic transmission. To begin addressing this possibility, we measured the expression of a number of AMPA and NMDA receptor subunits in isolated membrane fractions from hippocampi of 4-to 6-week-old CAPNS1-Nestin-cKO and controls. Intriguingly, we observed robust reductions in the levels of the NMDA receptor subunits GluN1, GluN2A, and GluN2B as well as of the AMPA receptor subunits GluA1 and GluA2/3. Finally, the expression of PSD95 was also reduced in mutant mice compared with control littermates (Fig. 4a) .
These results prompted us to examine in greater detail metrics of glutamatergic synaptic transmission by whole-cell recordings of CA1 pyramidal cells in acute slices from CAPNS1-Nestin-cKO mice and controls. We first determined the ratio of AMPA to NMDA receptor components of evoked EPSCs in both types of mice. When holding the cell at ϩ40 mV, both AMPA and NMDA receptors are activated by synaptically released glutamate, and their respective contribution to the evoked EPSCs can be approximated because AMPA receptor-and NMDA receptor-mediated synaptic responses are kinetically distinguishable. Under these conditions, the AMPA/NMDA ratio of evoked EPSCs was indistinguishable between CAPNS1-Nestin-cKO and control mice (Fig. 4b) . Moreover, the decay kinetics of both isolated AMPA receptor-or NMDA receptor-mediated (in low Mg 2ϩ ) EPSCs were likewise not altered in mutant mice (Fig. 4c) , suggesting that no obvious changes in surface glutamate receptor subunit composition occurred in these mice. We next recorded spontaneous mEPSCs in CA1 pyramidal neurons and observed no significant changes in the amplitudes or the frequency of mEPSCs in calpain-deficient mice, compared with control animals (Fig. 4d) . These results are in agreement with those of the AMPA/NMDA receptor ratio and suggest that deletion of calpains did not alter the expression of AMPA receptors at individual synapses, or the probability of release of glutamate. The latter possibility was further examined by paired pulse ratio analysis, a measure of presynaptic neurotransmitter release probability. As expected for CA1 synapses, paired pulse facilitation was observed at intervals of 50, 100, and 200 ms, and this ratio was not altered in CAPNS1-Nestin-cKO mice (Fig. 4e) . Together, these observations argue that, although calpain deficiency was accompanied with reduced levels of a variety of synaptic proteins, this was not associated with measurable deficits in basal excitatory glutamatergic synaptic neurotransmission.
We further analyzed properties of synaptic transmission in the CA1 field of hippocampal slices from control and CAPNS1-Nestin-cKO mice by field recording. No alteration was observed in paired-pulse facilitation in the absence of calpain (data not shown). However, the input/output curve (stimulation intensity to evoked response) was significantly shifted downward in the mutant compared with controls (Fig. 5a ). The decrease in fEPSPs was ϳ30 -40%, broadly matching the decrease in the density of synapses observed in the mutant CA1 pyramidal neurons. We also determined the effects of burst stimulation (TBS) on fEPSPs (Fig. 5b) . Interestingly, TBS-induced LTP was significantly reduced in hippocampal slices from CAPNS1-Nestin-cKO mice (fEPSP slope, compared with baseline, at 50 min after LTP induction: control 161 Ϯ 10%; mutant 123 Ϯ 6%; p Ͻ 0.001). Analysis of the burst responses during TBS revealed that, although the absolute levels of each burst responses were lower in the mutant than in the control, the overall increase observed during successive bursts exhibits a similar pattern in control and mutant mice (Fig. 5c) .
The magnitude of LTP was also studied with whole-cell recording using a pairing protocol consisting of 3 brief high-frequency tetani (50 pulses at 100 Hz, 4 s intervals) given at the end of a 3-minlong depolarization step at 0 mV. This protocol induced a 90.9 Ϯ 11.9% (control, n ϭ 6; p Ͻ 0.005) increase in the amplitude of EPSC lasting for Ͼ40 min. This LTP was NMDA receptor-dependent because it was prevented by application of DL-2-amino-5-phosphonovaleric acid (AP-5, 50 M; 9.50 Ϯ 8.77% above baseline; n ϭ 4; p Ͼ 0.05, data not shown). Interestingly, the same pairing protocol administered in slices from CAPNS1-Nestin-cKOs induced only minimal LTP (control, 181 Ϯ 24%; mutant, 132 Ϯ 29% at 30 -40 min after LTP induction; Fig. 5d ).
Impairments in spatial memory in calpain-deficient mice
We next determined whether the robust reduction in hippocampal LTP observed in CAPNS1-Nestin-cKO would be accompanied with deficits in hippocampal-dependent spatial memory. We thus tested CAPNS1-Nestin-cKO in the Morris Water Maze task. Significantly less CAPNS1-Nestin-cKO mice were able to reach the hidden platform on the last 3 d of training compared with littermate control mice, suggesting that CAPNS1-NestincKO have impaired spatial memory (Fig. 6a) . This behavioral 's t test) . ***p Ͻ 0.001 (Student's t test). Per genotype: n ϭ 4 for GluN1 and GluA1; n ϭ 5 for GluN2A, GluN2B, and PSD95; n ϭ 3 for GluA2/3. b, Representing traces of AMPAR and NMDAR EPSCs at V-hold of Ϫ65 and ϩ40 mV, respectively (CAPNS1-Nestin-cKO 1.32 Ϯ 0.04, n ϭ 9 neurons from 3 mice; and controls 1.4 Ϯ 0.1, n ϭ 8 neurons from 4 mice). At Ϫ65 mV, the peak current is mainly contributed by AMPA receptors, whereas at ϩ40 mV the peak current comes from both AMPA and NMDA receptors. c, Representative traces and weighted decay time constants of NMDAR and AMPAR EPSCs in CAPNS1-Nestin-cKO (NMDAR 87.07 Ϯ 5.46 ms, n ϭ 11 neurons from 4 mice; and AMPAR 19.05 Ϯ 0.64 ms, n ϭ 9 neurons from 4 mice) and controls (NMDAR 71.55 Ϯ 6.42 ms, n ϭ 6 neurons from 4 mice and AMPAR 23.36 Ϯ 2.01 ms, n ϭ 9 neurons from 4 mice). d, Representative traces and averages of spontaneous AMPAR-mediated mEPSCs recorded from neurons of CAPNS1-Nestin-cKO (amplitude, 10.27 Ϯ 0.59 pA; frequency, 0.48 Ϯ 0.07 Hz, n ϭ 8 neurons from 3 mice) and control mice (amplitude, 9.01 Ϯ 0.34 pA; frequency, 0.46 Ϯ 0.07 Hz, n ϭ 8 neurons from 4 mice). e, Representative traces and average of paired pulse ratios of EPSCs (AMPA ϩ NMDAR) from neurons of CAPNS1-Nestin-cKO mice (50 ms, 1.78 Ϯ 0.2; 100 ms, 1.68 Ϯ 0.14; 200 ms, 1.44 Ϯ 0.12, n ϭ 9 neurons from 3 mice) and controls (50 ms, 1.85 Ϯ 0.13; 100 ms, 1.73 Ϯ 0.11; 200 ms, 1.39 Ϯ 0.07, n ϭ 12 neurons from 3 mice).
deficit was not related to deficiencies in vision because there was no significant difference in the average time to find the visual platform (data now shown). In addition, examination of general motor activity by beam break and rotarod tests did not reveal any differences in the mutants (Fig. 6b,c) . Finally, although the calpain-deficient mice showed less anxiety behavior in elevated plus maze test (Fig. 6d) , the differences in the open field anxiety test were not observed (Fig. 6e) . Collectively, these observations suggest that calpain is necessary for hippocampal LTP and learning and memory, and this may be related to a role in modulating the structure of neuronal dendrites and synapses.
Calpain mediates neuronal cell death
In contrast to their physiological roles in the CNS, classical calpains have previously been proposed to participate in neuronal cell death in several pathological conditions (Vosler et al., 2008) . However, the direct role of calpain and its precise target in neurodegeneration need to be definitively demonstrated. Accordingly, we used this genetic model system to test the role of calpain in neuronal loss paradigms, including PD-related toxin exposure and ischemic stroke in vitro. MPP ϩ , a metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, is a mitochondrial complex 1 toxin, which promotes selective death of both dopaminergic neurons in vivo and several neuronal types in vitro, including cortical and midbrain cultures ( To test whether calpain plays a role in neuronal death induced by this toxin, we first examined whether embryonic cortical cultures, derived from control or calpain-deficient animals, were differentially sensitive to MPP ϩ . Neurons from CAPNS1-Nestin-cKO embryos were significantly less sensitive to the toxin (Fig. 7a) . Because TH ϩ neurons are grossly affected in PD, we also examined whether calpain may play a role in dopaminergic neuronal cell death as well. To do this, we crossed the floxed capns1 mice with a TH-Cre driver (Savitt et al., 2005) to specifically eliminate calpain-1/calpain-2 activity in TH ϩ neurons. Neuronal cell cultures obtained from embryonic midbrains of CAPNS1-TH-cKO and control animals were treated with MPP ϩ . Cell survival was assessed by evaluating the number of TH ϩ neurons. Consistent with the result in cortical cultures generated from Nestin-Cre mice, neuronal survival after MPP ϩ treatment was significantly higher in calpain-deficient TH ϩ neurons compared with controls (Fig. 7b) .
To further evaluate the importance of calpain in neuronal injury, we also next tested models of ischemic cell death using in vitro glutamate-or hypoxia-induced excitotoxicity in cerebellar granule neurons (CGNs). Indeed, very early finding suggested 's t test) . Figure 6 . Spatial learning is deficient in CAPNS1-Nestin-cKO mice, whereas motor activity and anxiety behavior appear normal. a, Percentage of CAPNS1-Nestin-cKO (males, n ϭ 6; females, n ϭ 4) and control littermate (males, n ϭ 5; females, n ϭ 7) mice successfully reaching the criteria of finding the platform in the Morris Water Maze, as described in Materials and Methods. b, Locomotor activity assessed in a novel cage test. c, Motor coordination examined by rotarod test. d, e, Anxiety observation performed with elevated plus maze (d) and open field test (e). Data are mean Ϯ SEM. *p Ͻ 0.05 (Student's t test and repeated ANOVA). Controls: males, n ϭ 10; females, n ϭ 11; CAPNS1-Nestin-cKO: males, n ϭ 11; females, n ϭ 10.
that in vitro translational suppression of calpain-1 reduced excitotoxic damage resulting from NMDA receptor activation (Bednarski et al., 1995) . Here, CGNs derived from postnatal cerebellum of CAPNS1-Nestin-cKO and controls were transiently subjected to glutamate in the presence or absence of MK801, an NMDA receptor blocker, and neuronal survival was assessed by nuclear integrity. Calpain-deficient neurons were less sensitive to glutamate than control littermates (Fig. 7c) . Similarly, CGNs obtained from the mutants were significantly protected against hypoxia-induced cell death (Fig. 7d) . Together, these results suggest a direct role of calpain in multiple mechanisms of neuronal cell death.
Calpain-mediated cleavage of p35, the Cdk5 regulatory subunit, plays a critical role in neuronal damage The generation of calpain-deficient neurons afforded the opportunity to ascertain the importance of selected substrates of calpain in neuronal death. Previous studies, including from our laboratory, suggested that calpain-mediated cleavage of p35, a cyclin-dependent kinase 5 (Cdk5) regulatory subunit, to p25 elicits inappropriate activation of Cdk5, which drives neuronal cell death (Lee et al., 2000; Smith et al., 2006 was assessed by immunoblot analysis of cell lysates using a C-terminal polyclonal antibody that recognizes both the fulllength p35 and the p25 cleaved product. We observed a dramatic increase in p25 expression associated with a reduction in p35 protein levels after MPP ϩ or glutamate treatment in controls (Fig. 8a,b) . Importantly, we could not detect p25 formation or loss of p35 in calpain-deficient neurons after MPP ϩ or glutamate treatment (Fig. 8a,b ). These observations demonstrate an essential role of calpain in cleavage of p35 to p25 in injured neurons. To functionally test the involvement of calpain-induced p25 formation in cell death, AAV was used to rescue p25 expression and to determine whether the protection associated with calpain deficiency could be reversed. As predicted, cortical cultures from CAPNS1-Nestin-cKO infected with a control GFP-expressing AAV displayed less neuronal death than wild-type cells upon MPP ϩ challenge. In contrast, infection with p25 expressing AAV restored MPP ϩ -induced cell death in calpain-deficient cells to the same levels seen in control cells (Fig. 8c) . Glutamate-induced cell death was also restored in calpain-deficient neurons by rescuing p25 expression (Fig. 8d) . Interestingly, consistent with what has been shown previously (Fischer et al., 2005) , short-term overexpression of p25 did not initiate neuronal death by itself. Together, these results provide compelling evidence for the critical role of calpain-mediated conversion of p35 to p25 in two different models of neuronal cell death.
Discussion
Although it has been four decades since the discovery of the ubiquitous calpains, its biological roles remain elusive. Animal models to identify the function of these proteases in the CNS have been limited because of early embryonic lethality or lack of phenotype in germline knock-out mice. CAPN2 knock-out mice (lacking calpain-2) died before the implantation stage of development and germline deletion of CAPNS1 (disrupting both calpain-1 and calpain-2) caused embryonic lethality because of cardiovascular defects (Arthur et al., 2000; Dutt et al., 2006) . Although CAPN1 knock-out mice (lacking calpain-1) survived to adulthood, they did not display brain phenotypes, such as alterations in synaptic plasticity (Grammer et al., 2005) . In the present studies, we describe a unique conditional deletion model of both calpain-1 and calpain-2 to assess the roles of these proteases in brain development/function and pathology.
Studies using pharmacological calpain inhibitors have supported a role for calpain in several biological processes critical for CNS development. Our own experience (Sedarous et al., 2003) as well as that of others (Luo and O'Leary, 2005; Touma et al., 2007) has shown that pharmacological calpain inhibitors can cause dramatic and rapid axon retraction in vitro, implicating calpain in the biochemistry of axon maturation and maintenance (Qin et al., 2010) . In addition, calpain has been implicated in developmental neuronal death, a process critical for sculpting the mature brain (Gil-Parrado et al., 2002; Li et al., 2009 ). Given these observations, it was surprising that mice with CNS calpain deficiency are viable and born with normal general morphology and unaltered developmental apoptosis and proliferation in the brain. Considering that nestin expression begins at E.7.5 (Berube et al., 2005) , a time when the earliest processes of CNS development occurs (Theiler, 1989) , our findings strongly suggest that, although calpain may play crucial roles in development of other organ systems, it appears dispensable for basic CNS establishment.
Although gross brain development and architecture was normal, calpain deficiency resulted in a decline in spine density and deterioration of branch ramifications/bifurcations in basal and apical dendrites in hippocampal CA1 pyramidal neurons. A caveat to these observations is that we cannot rule out the possibility that loss of staining rather than loss of spine structures is occurring. However, these staining differences would have to occur specifically in spines because soma and dendritic structures are clearly present. Our results are also supported by previous work suggesting that calpain mediates changes in cytoskeletal structure and organization (Wilson et al., 2000; Fischer et al., 2005) by cleaving potential substrates, including spectrin and MAP2 (Fischer et al., 1991; Zadran et al., 2010a) .
These changes in neuronal structural complexity led us to examine whether this was associated with altered synaptic transmission. Indeed, calpain has also been suggested to cleave a number of substrates relevant to excitatory transmission (Doshi and Lynch, 2009 ). Our results show that brain-specific calpain deficiency leads to reduced levels of some glutamate receptor components and PSDs. These findings suggest that calpain does not directly cleave these substrates but may actually regulate their levels of expression. This is possibly through effects of calpain on signaling pathways regulating gene expression. Calpain is implicated in the cleavage of several transcription factors, such as c-Jun and c-Fos (Goll et al., 2003) , MEF2 (Smith et al., 2006) , and NFB (Sedarous et al., 2003) . These transcriptional factors are proposed to regulate expression of NMDA receptor subunits (Bai and Hoffman, 2009 ). Intriguingly, the ultrastructural and synaptic protein deficits observed in the CAPNS1-Nestin-cKOs did not translate into obvious defects at individual glutamatergic CA1 synapses, as the amplitude of mEPSCs was unaltered. This may reflect the general robust compensatory ability of synapses to maintain faithful transmission despite deletion of key synaptic components, for instance, GluA1 (Zamanillo et al., 1999) , TARP ␥-8 (Rouach et al., 2005) , GluA2 (Toyoda et al., 2009) , and others. The overall decrease in input/output responses observed in CA1 region of CAPNS1-Nestin-cKOs may reflect the overall decrease in spine density observed.
Calpain-deleted mice displayed a significant reduction in LTP, supporting a central role for calpain in synapse plasticity. This is also consistent with our results showing reduced memory as evaluated in the Morris Water Maze Test. The observed reduction in LTP with calpain loss is consistent with a number of previous observations. First, pharmacological as well as antisense-based inhibitors of calpains blocked LTP (del Cerro et al., 1990; Denny et al., 1990; Vanderklish et al., 1996) . Furthermore, calpains are localized in spines and can be activated by threshold levels of inducing stimulation (Baudry and Lynch, 2001; Zadran et al., 2010b) . However, and in contrast to these findings, calpain-1 knock-out mice did not display impaired LTP (Grammer et al., 2005) . Whether this discrepancy is the result of differences in the LTP paradigm used is unclear at present. Here, we provide compelling genetic evidence that calpain is required for LTP. Considering the absence of an LTP phenotype in calpain-1 knock-out mice (Grammer et al., 2005) , our observations suggest that either calpain-2 deficiency is responsible for this phenotype in CAPNS1-Nestin-cKO mice or that there is functional redundancy between calpain-1/calpain-2 isoforms with respect to this function. The former interpretation is also consistent with recent reports indicating that calpain-2 can be activated by Ca ϩ2 -independent systems (Zadran et al., 2010b), giving a possible explanation for calpain-2 activation with physiological intracellular calcium concentration; and that calpain-2 downregulation using a novel rabies-virus glycoprotein-chimeric peptide to deliver calpain-2 siRNA to the brain resulted in impairments in LTP and learning and memory (Zadran et al., 2012) . Finally, it is important to emphasize that we cannot presently distinguish between subtle developmental defects, which may affect LTP/behavior in these calpain-deficient mice versus more specific effects of calpain deficiency on signaling processes in the adult brain.
In addition to defining a role of calpain in brain function under normal conditions, our results interestingly indicate that it can participate in neuropathological processes under stress situations. Calpain activation has been associated with a number of death paradigms, both in vitro and in vivo, including those linked to stroke and PD (Crocker et al., 2003; Ray and Banik, 2003; Bevers and Neumar, 2008) . Relevant to the former, both in vitro and in vivo experiments have shown that proteolysis of calpainspecific substrates is elevated in the hippocampal and neocortical areas in focal and global ischemia (Hong et al., 1994; Bartus et al., 1995; Bednarski et al., 1995) . In addition, several studies have provided evidence that pretreatment or post-treatment with calpain inhibitors has neuroprotective action in in vitro and in vivo ischemic models (Vosler et al., 2008; Peng et al., 2011) . In terms of PD, we have shown that calpain-1 and calpain-2 are activated in both in vitro and in vivo models of neuronal loss induced by the dopaminergic toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine/MPP ϩ (Crocker et al., 2003; Qu et al., 2007; Huang et al., 2010) . Calpain inhibitors also protected dopaminergic neurons from death in these paradigms. Our present genetic work provides further support for the critical nature of calpains in neuronal injury. We find that calpain deficiency promotes survival under multiple contexts of hypoxia, excitotoxicity, and mitochondrial dysfunction. In addition, calpain involvement in death induced by injury contrasts with developmental death examined in the embryo. What is the mechanism by which calpain promotes injury-mediated death? We and others have previously proposed that calpain cleaves the Cdk5 activator p35 to a more stable active p25 form ( ). In the contexts of stroke and PD, we have shown that this is associated with increased Cdk5 activation (Smith et al., 2006) . Our calpain deficiency model allowed us to more concretely examine whether calpain was indeed critical to p25 formation and whether this formation is central to the death process. In multiple paradigms of neuronal death, we show that calpain-deficient neurons have significantly impaired p25 formation compared with controls. Conversely, the protection afforded by calpain deficiency can be reversed by ectopic expression of p25. This supports a central role for calpain-mediated p25 formation in the paradigms of neuronal death presently examined. Given that p25 is also reported to be involved in synaptic plasticity (Fischer et al., 2005) , it is intriguing to speculate that cleavage of p35 to p25 might be one of the central events that connects calpain to some of its physiological and pathophysiological functions. Finally, it is important to note that whether or not genetic calpain deficiency plays a role in adult degeneration/injury has not been presently studied.
In conclusion, our analysis of a conditional model of calpain deficiency in the CNS has provided a clearer understanding of calpain biology in the brain regarding CNS development, synaptic plasticity, and specific neuronal death paradigms. We think that this conditional model will continue to generate critical information on calpain function in the brain and in disease.
